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We present five case studies highlighting the effects of habitat fragmentation on
the genetic structure of small mammal populations. The studies reflect different
spatial scales and components of genetic variation. In marginal and central popu-
lations of Slgmodon hlspldus we found less allozymic variation within the marginal
population, whereas patterns of morphological variability were the converse. In the
rice rat (Oryzomys spp.), nucleotide diversity in mtDNA was similar In an Island
population in the Florida Keys to mainland populations In the Everglades. This
observation contrasts with Insular vole populations (Mlcrotus spp.), where isolation
on Islands results In genetic structuring. Temporal changes In abundance in main-
land populations had no effects on genetic differentiation (F^values) because sub-
populations did not experience bottlenecks. In an experimentally fragmented land-
scape, fragmentation influenced demographic processes but not genetic structure.
We conclude that (1) with extreme fragmentation, small mammal populations be-
come depauperate of genetic variation and differentiate genetically; (2) different
components of genetic variation lead to different genetic structuring; (3) spatial
and temporal scales should both be considered when examining genetic structure
of populations; (4) demographic and ecological processes are more likely Influ-
enced by fragmentation than genetic structure; and (5) there is an interaction be-
tween demographic processes and genetic structure.

Human activities are destroying the natu-
ral habitats of terrestrial ecological com-
munities at an alarming rate. As a result of
this destruction, native habitats have be-
come more fragmented: those that were
once continuous are now subdivided into
"islands" of suitable habitat surrounded
by an unsuitable "sea" that has been mod-
ified by humans. As fragmentation increas-
es, it leads to a decrease in average habi-
tat patch size and an increase in average
distance between patches. Both the loss
of habitat and the isolation of habitat
patches can reduce population sizes to
such low levels that indigenous species go
locally extinct.

Gilpin and Soule (1986) distinguished
between the causes underlying two kinds
of population extinctions, deterministic
and stochastic. Deterministic extinctions
result from forces that inexorably lead to
the disappearance of a population. For ex-
ample, in the Florida Keys tropical hard-
wood hammocks and pinelands are being
eliminated by real estate development,
which if left unchecked will exterminate
the communities of small mammals, birds,
and other organisms that occupy these

habitats. Stochastic extinctions are those
due to random events. Shaffer (1981,
1987) described four sources of variation
that could result in the random extinction
of a population: (1) demographic stochas-
tlclty due to random events in individual
survival and reproduction; (2) environ-
mental stochasticity due to unpredictable
changes in abiotic or biotic factors; (3)
natural catastrophes such as fires and
floods, which occur at random intervals;
and (4) genetic stochasticity in fitness due
to genetic drift and inbreeding depression.
The first three sources of variation are
ecologically induced, whereas only the
last is genetically induced.

There has been lively discussion among
population biologists about the relative
roles of ecological and genetic stochastic-
ity in causing extinctions. Some ecologists
have argued that the Allee effect, in which
densities become too low for populations
to persist, plays a major role in extinc-
tions. Population geneticists have focused
on the role of genetic drift and inbreeding
depression in small populations as a ma-
jor cause of extinction. Lynch and Gabriel
(1990) showed, for example, that the syn-
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Figure 1. Locations sampled for cotton rats (Sigmodon hispidus) In Mexico and the United States. The stippled
area represents the known distribution ol cotton rats. Locations 1-10 were considered marginal and 12-16 central.

ergistlc Interaction between the accumu-
lation of deleterious mutations in small
populations can cause concomitant reduc-
tions in population size, an effect they re-
fer to as "mutational meltdown." Clearly,
both ecological and genetic factors can
contribute to population extinction. Nev-
ertheless, Lande (1988) concluded from
theoretical and empirical examples "that
demography is usually of more immediate
importance than population genetics in
determining the minimum viable sizes of
wild populations."

In this article we follow Lande's advice
and integrate population genetics and
ecology to understand the effects of frag-
mentation on small mammal populations.
Small mammals are ideal organisms for
studying the effects of habitat fragmenta-
tion. First, a major focus in small mammal
ecology has been how variation in patch
size and quality affects population pro-
cesses (for reviews see Hansson 1995; Ud-
icker 1995). Second, there is much infor-
mation on dispersal of small mammals in
patchy environments (Diffendorfer et al.
1995a; Galnes and McCleneghan 1980;
Johnson and Gaines 1990). Third, small

mammals can be experimentally manipu-
lated (Johnson and Galnes 1987).

Our purpose here is not to give a com-
plete review of the work that has been
done on fragmented populations of small
mammals. Instead, we focus on several
case studies that illustrate some of the
major patterns and complexities drawn
from our own research experiences. First,
we examine patterns of genetic structure
on several geographic scales, from sub-
populations within an individual's dispers-
al range to larger landscapes. In addition
to various spatial scales of fragmented
landscapes, we will investigate the effects
of fragmentation on different types of ge-
netic variation; Including morphological
variation, protein polymorphisms, restric-
tion fragment length polymorphisms
(RFLPs), and DNA base substitutions. Sec-
ond, we will explore how demographic
processes in an experimentally fragment-
ed landscape in northeastern Kansas can
be related to genetic structure. Finally, we
reach some general conclusions about the
effects of habitat fragmentation on the ge-
netic structure of small mammal popula-
tions.

Allozymic and Morphological
Variation in Central and Marginal
Populations of the Hispid Cotton
Rat (Sigmodon hispidus)

Evolutionary and population processes
that occur in fragmented populations may
also occur in marginal populations of a
species distribution. Our contention is
that some of the same mechanisms oper-
ating in populations in fragmented habi-
tats to reduce genetic variability could
also operate in marginal populations. One
cautionary note is that although marginal
and fragmented populations share many
features, they do not share them all. For
example, a recently colonized marginal
population might be expected to have
substantially less genetic variation than a
similarly sized remnant of a genetically di-
verse population in a fragmented environ-
ment.

Soule (1973) Identified six factors ac-
counting for the loss of variation in mar-
ginal populations. First, as individuals be-
come more isolated from a pool of poten-
tial mates, the probability of mating with
close relatives increases. Second, in-
creased isolation may result In reduced
gene flow. Third, founder events and bot-
tlenecks result In genetic drift. Fourth, in-
breeding and a lack of gene flow result In
a smaller effective population size (NJ In
marginal localities. Fifth, the niche-width
variation hypothesis predicts that less
ecological variation leads to less genetic
variability In marginal habitats. Finally, di-
rectional selection in marginal environ-
ments reduces variation. All six factors
should also reduce variation in isolated
patches in fragmented landscapes. This
reduction will depend on the size of the
isolated populations.

In 1980 we compared genetic variation
in marginal and central populations of the
hispid cotton rat (McClenaghan and
Gaines 1980). This murld rodent was well
suited for such a study for several rea-
sons. The species is widely distributed
(Figure 1). We wanted to sample popula-
tions from vastly different environmental
regions to detect differences in genetic
structure. Also, several lines of evidence
suggest that populations of cotton rats
near the northern edge of the species
range are ecologically marginal (Mc-
Clenaghan and Gaines 1980).

We sampled 647 cotton rats from 16 lo-
calities in the United States and Mexico
(Figure 1). Ten populations in the United
States were close to the northern edge of
the species distribution and six popula-
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Table 1. Estimates of genlc and morphological
variability In marginal and central population* of
Slgmodon hlapidas

Locality

Marginal
Central

Sample
sizes

All
ages

460
187

Adults

143
79

Genetic variation

Within
populations

flOO H. CVK

17.4 0.19 8.32
26.1 0.23 4.91

Between
populations

F« *<*„

0.005 1.55
0.024 1.12

P represents the mean proportion of polymorphic loci;
H is the mean heterozygosity per individual; CVH Is the
mean multlvariable coefficient of variation computed
from 16 morphometric variables measured from adults;
**CV,v Is the variance In CVV FCT Is the mean measure
of among-populatlon variance over all polymorphic
allozyme loci.

tions in Mexico were centrally located. To
assess the amount of genetic variation
within populations, we examined protein
polymorphisms at 23 allozyme loci and es-
timated the withln-population heterozy-
gosity (//.) and the proportion of polymor-
phic loci (p). To gauge the degree of ge-
netic differentiation among populations,
we calculated standard genetic distances
(Nei 1972) and F^ values (Wright 1965)
based on electrophoretic variation at six
polymorphic protein-encoding loci (Lap,
Trf, &Pgd, Mdh-1, Mdh-2, and Got-T). Phe-
notyplc variation was assessed by mea-
suring adult cotton rats for 16 convention-
al external and cranial characteristics. We
quantified variability in each population
as a multivariate coefficient of variation,
CVn (McClenaghan and Gaines 1980). CVn

is independent of the number of variables
measured and is numerically comparable
to the univariate coefficient of variation.

There was significantly less genetic vari-
ation within marginal cotton rat popula-
tions as compared to the central popula-
tions (Table 1). The mean p for marginal
populations was lower than that for cen-
tral populations (U = 57, P < .01) and the
heterozygosity (//,) was also significantly
reduced ((/ = 19, P < .05). F^ values for
marginal populations were approximately
five times lower than comparable values
for the central populations, which was
marginally significant (U = 11.5, P < .09).
There was a statistically significant posi-
tive correlation between genetic distance
and geographic distance in pairwise com-
parisons of localities (r = 0.51, P < .01).
Thus, as geographic distance between
populations increased, genetic distance in-
creased.

We expected the genetic variance
among marginal populations to be higher
than central populations as a result of
past genetic drift and reduced gene flow.

This was not the case. There are several
hypotheses that can account for the ge-
netic uniformity among marginal popula-
tions of the cotton rat. The one we favor
is that the marginal populations were re-
cently established as a consequence of a
single northward colonization from the
center of the species range, with a subse-
quent extension along an east-west axis. In
addition, the amount of genetic variation
among marginal populations may have de-
creased as a result of subsequent genetic
drift and loss of rare alleles and fixation of
common alleles.

The pattern of morphological variability
is the converse of that for genetic vari-
ability; the average morphological vari-
ance of characters in marginal populations
exceeds that of central populations (Table
1). The difference between the mean CVn

of the marginal and central populations
was statistically significant (F, 12 = 22.0, P
< .01). Because the total variance in mor-
phological traits contains both an environ-
mental and a genetic component, the high-
er values for CVn in marginal populations
may be due to greater environmental vari-
ance at the margin of the species distri-
bution. There were no significant differ-
ences In the variance of CVn among mar-
ginal populations compared to the vari-
ance of CVn among central populations.

Habitat Fragmentation in Rice Rat
(Oryzomys) Populations

Marsh rice rats (0. palustris) occur from
southeastern Pennsylvania and southern
New Jersey southward to the tip of Florida
(excluding the Florida Keys) and west-
ward to Texas (Wolfe 1982). Rice rats
reach high abundances in mesic habitats
such as low-lying forests, other natural ar-
eas with seasonal standing water, and ir-
rigated agricultural areas. There have
been several morphological studies of rice
rats In North America (Goodyear 1991;
Humphrey and Setzer 1989) and one ge-
netic study using allozymes (Schmidt and
Engstrom 1994). These studies focused on
the systematics of O. palustris.

To elucidate the genetic population
structure of marsh rice rats (O. palustris)
in a highly fragmented environment, we
sampled individuals from tropical hard-
wood tree islands in Everglades National
Park. We collected from a constellation of
17 hammock islands at Rock Reef Pass in
the central Everglades and 6 islands at
Chekika in the east Everglades. The two
localities are approximately 30 km apart.
Distances between islands within the two

Table 2. Average nacleoUde diversity within and
between three populations of Oryzomys

Central East
Num- Ever- Ever-
ber glades glades Keys

Central Everglades 20 0.0151 — —
East Everglades 6 0.0258 0.031 —
Keys 15 0.0211 0.0221 0

Diversity Is measured as the average number of sub-
stitutions per nucleotlde site.

localities ranged from 20-360 m. Island
area ranged from 0.0005-0.45 ha. In addi-
tion, we trapped a disjunct population of
silver rice rats (0. argentatus) on Raccoon
Key (Monroe County In the Lower Florida
Keys). This species occurs only in the
Lower Keys (Spitzer and Lazell 1978) and
is classified as endangered by the U.S. Fish
and Wildlife Service. From a systematics
standpoint, there has been disagreement
on whether the silver rice rat should have
species or subspecies status (Goodyear
1991; Humphrey and Setzer 1989).

To assess the impact of habitat fragmen-
tation on genetic structure and isolation of
populations, we examined nucleotide vari-
ation in the D-loop of mtDNA within and
between two Oryzomys populations in the
east and central Everglades and one pop-
ulation in the Florida Keys. Because of its
insular geography and restricted habitat,
we hypothesized that within the Florida
Keys, effective population sizes should be
small and should reduce variation relative
to populations In the Everglades. Also, we
expected genetic differences between the
Keys and Everglades populations to ex-
ceed the differences between the two Ev-
erglades populations.

We isolated DNA from tail tips and used
oligonucleotide primers to amplify a 291
bp segment within the HV1 region of the
mtDNA D-loop. Nucleotide sequences
were determined by a silver DNA sequenc-
ing system (Promega Co.).

We calculated the diversity of the mt-
DNA sequence data using the method of
Lynch and Crease (1990). The average
number of substitutions per nucleotide
site given by their Equation 1 is summa-
rized In Table 2. A total of 34 sites out of
291 were polymorphic (P = .12). The av-
erage nucleotide diversity within popula-
tions was v{w) = 0.0151. It is noteworthy
that the Keys population had no detect-
able mtDNA variation, which is consistent
with the idea that this population has ex-
perienced a small effective size, either a
pronounced bottleneck or a recent found-
ing event.

2 9 6 The Journal of Heredity 1997.88(4)

 at U
SG

S L
ibraries on June 5, 2014

http://jhered.oxfordjournals.org/
D

ow
nloaded from

 

http://jhered.oxfordjournals.org/


No bottleneck
Genetic variation

nuclear DNA mtDNA

High High

Recent bottleneck

High Zero

Old bottleneck

Prolonged bottleneck

High

Low

Low

Low

Time
Figure 2. Conceptual model of changes in the variation of nuclear and mitochondria! DNA under different tem-
poral patterns of genetic bottlenecks. (This figure was modified from Wilson et al. 1985, p. 391.)

The impact of a bottleneck on the
amount of genetic variation is different for
nuclear than for mitochondrial genes and
depends on the duration of the bottleneck
(Wilson et al. 1985). The qualitative out-
come is shown in Figure 2. The width of
the bar denotes the standing population
size (N) and the effects of the timing of
bottlenecks on the level of genetic varia-

tion (right side columns in the figure). A
very recent bottleneck, as depicted in the
second row of the figure, can substantially
reduce mtDNA variation without a signifi-
cant reduction in genetic variation in nu-
clear genes. Given sufficient time, the
mtDNA diversity can recover, as shown in
the third row where the bottleneck oc-
curred in the more distant past. However,

o Central Everglades

• East Everglades

Figure 3. Neighbor-joining tree for rice rats (Oryzomys palustris and Oryzomys argenlatus) In the central Ever-
glades, east Everglades, and the Lower Florida Keys.

if the bottleneck is prolonged, both nucle-
ar and mitochondrial variation can be re-
duced to low levels (Figure 2, bottom
row).

Our finding of no mtDNA variation in the
Keys population suggests that O. argenta-
tus experienced a recent bottleneck that
virtually eliminated mtDNA variation with-
in the population. We predict that this bot-
tleneck was very recent (see below) so
that the level of genetic variation in nucle-
ar genes remains high (the situation
shown in the second row of Figure 2). At
this point we have not obtained the data
on nuclear genes to test this prediction.

Interestingly the Keys population had a
unique sequence in the mtDNA D-loop that
was not found in either of the Everglades
populations. The average nucleotide di-
versity between populations was u(fc) =
0.023. Contrary to our expectation, nucle-
otide diversity between the Keys popula-
tion and the Everglades populations was
not significantly greater than the diversity
between the central and east Everglades
populations. The statistic that corre-
sponds to the Csr (Nei 1973) at the nucle-
otide level is yVsr = v(p)/[v(b') + v(.w)]. For
the Oryzomys data, A^ = 0.60. This value
is comparable to N^ values obtained by
Lynch and Crease (1990; Table 2) for nu-
cleotide diversity between populations at
the species level.

We inferred a phylogenetic tree of the
mitochondrial sequences (Figure 3) to
gain insight into the evolutionary genetics
of fragmented rice rat populations. The
tree was constructed with the neighbor-
joining method (Saitou and Nei 1987) and
rooted by a homologous sequence from
Mus spratus. The tree shows that the mi-
tochondria from rice rats in the central
and east Everglades are not genetically
distinct. We found a few identical base se-
quences in rice rats from both popula-
tions. Furthermore, the Lower Keys pop-
ulation is not very different from the two
Everglades populations based on the
branch length. The short branch lengths
and starlike phylogeny supports the idea
that the differentiation of the Everglade
and Keys populations as measured by
mtDNA divergence occurred at about the
same time and relatively recently.

In the last 6000 years the Lower Keys
have undergone several cycles of submer-
gence and emergence with changes in sea
level (Falrbridge 1974). When sea levels
peaked at 4 m and 3 m above present lev-
els (6000-4700 and 4300-3400 years BP, re-
spectively) the freshwater marsh habitats
of the rice rats in the Keys and most of
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the Everglades were completely sub-
merged. More recently (2000-1600 years
BP) sea level dropped to 2 m below Its
present level, resulting in exposure of
much of the bottom of Florida Bay and the
shallower basins and channels that sepa-
rate the Lower Keys. Such a drop in sea
level would favor the development of
marsh habitats and favor the dispersal of
rice rats into the archipelago. Thus, ac-
cording to Babour and Humphrey (1982),
the establishment of Oryzomys popula-
tions in the Lower Keys and their genetic
differentiation from mainland populations
in the Everglades has taken place recently
and no more than the 3000 years ago. Our
findings are consistent with Humphrey
and Setzer's (1989) suggestion that the sil-
ver rice rat should not be given species
status. Thus the population in the Lower
Keys has not had enough evolutionary
time to diverge genetically.

Habitat Fragmentation In Vole
Populations

Microtine rodents add another dimension
to the effect of habitat fragmentation on
small mammal populations because they
undergo periodic fluctuations in numbers.
These multiannual cycles in abundances
must be superimposed on the distribution
of individuals in space to gain a complete
understanding of the genetic structure of
vole populations. First, we examine allo-
zymic variation in mainland and island
populations of the meadow vole (Microtus
pennsylvanicus) and the beach vole (M.
breweri) in Massachusetts. Second, we will
use variation in allozymes and in RFLPs of
mtDNA to examine the genetic structure of
prairie voles (M. ochrogaster) in eastern
Kansas.

Island Versus Mainland Voles
In an earlier study, Kohn and Tamarin
(1978) reported electrophoretic data for
mainland populations of the meadow vole
in southeastern Massachusetts and the Is-
land beach vole on Muskeget Island, Mas-
sachusetts, a 1 mi2 island located off Nan-
tucket Island (Tamarin 1978). The beach
vole is restricted to Muskeget Island,
which separated from nearby islands and
the mainland in the Cape Cod region of
Massachusetts as little as 3000 years ago.
In that time, the beach vole has differen-
tiated enough to achieve species status
(Moyer et al. 1985; Tamarin and Kunz
1974). The beach vole differs from the
mainland meadow vole in tooth, skeletal
size, pelage, and life-history characteris-

Table 3. F^ value* for the Trf and Lap locos ID
the beach vole (H. breweri) on Moskeget Island
and the meadow vole (M. ptnnsyioanicus) on the
mainland In southeastern Massachusetts

Within
population
H.

Between
population

Populations

Muskeget Island
Mainland

N

953
322

Trf

0.103
0.482

Lap

0.470

Trf

0.004
0.027

Lap

0.027

tics; the beach vole is larger, with coarser
and lighter pelage. It has a smaller litter
size (Tamarin 1977b).

In each species, four localities were
sampled on a regular basis (Kohn and
Tamarin 1978). All of the Muskeget Island
trapping areas were within 1 km of each
other. Three of the four mainland sampling
areas were within 6 km of each other in
Barnstable County; the fourth area was
about 50 km to the northwest, across the
Cape Cod canal in Plymouth County (Tam-
arin 1977b). The only electrophoretic lo-
cus polymorphic in both populations was
the Trf locus; the Lap locus was also poly-
morphic in the mainland populations. F^
values were calculated in both species ac-
cording to the methods of Gaines and
Whittam (1980).

According to our F^ values (Table 3),
populations of the beach vole are virtually
unstructured and the meadow vole is
somewhat heterogeneous. Unlike the low-
er /"ST values between Muskeget Island
populations (0.004) and between the
mainland populations (0.027), compari-
sons for all populations combined indi-
cates a high degree of heterogeneity
(0.221). These values are expected based
on our understanding of the ecology of the
populations. The four subpopulations on
Muskeget Island were in continuous habi-
tat and had TrfE frequencies that were
very similar (0.93-0.97). The mainland
populations, however, were geographical-
ly dispersed, three in Barnstable County
on Cape Cod and one in Plymouth County,
Massachusetts. Allelic frequencies varied
between 0.38 and 0.60 for TrfE and be-
tween 0.44 and 0.70 for Lap?. Combining
the two species increased the range of the
TrfE frequencies from 0.38 to 0.97, and
thus greatly increased the variance. On
the mainland, overall F^ values were Iden-
tical for the two loci. When high and low
abundances were compared on the main-
land (the island species was always at
peak abundances), F^ values for transfer-
rin were virtually Identical (high abun-
dance = 0.041; low abundance = 0.044).

However, the FCT values for Lap differed at
high and low densities; higher at high den-
sities (0.044) and lower at low densities
(0.014). The H. values for Trf (Table 3), for
the mainland population are four times
higher than the Island population (t =
27.0, df = 3, P < .001). Thus heterozygos-
ity is much higher in the mainland popu-
lations.

Our Fsr and H, values indicate that the
beach vole is a homogeneous population
that has diverged from the meadow vole
to a large extent, whereas the meadow
vole populations have not diverged much
from each other. This seems to be the case
ecologically as well. There are differences
between the species in ecological and oth-
er life-history parameters varying from
dispersal patterns to litter sizes (Tamarin
1978).

Although FJT values are reasonable qual-
itative estimates of population differentia-
tion, these values are not predictors of the
kinds of changes that have taken place or
their ecological consequences. To learn of
these changes, in-depth ecological studies
are needed, the kind that can document
the actual changes taking place between
populations and within species. For ex-
ample, there were large differences in the
nature of the dispersal process in the two
populations (Tamarin 1977a). In the beach
vole, dispersal Is a simple process: dis-
persers are a random sample of the resi-
dent population for age structure and sex
ratio. In the meadow vole, dispersers are
not a random sample of the resident pop-
ulation; in addition, meadow voles move
longer distances.

Prairie Voles In Eastern Kansas
Allozymes. In our earlier work on the ge-
netics of prairie voles, we focused on tem-
poral patterns of allozymic variation in
fluctuating populations (Gaines et al.
1978). We monitored genetic changes at
five electrophoretic loci—Trf, Lap, 6-Pgd,
Est-1, and Est-4—over 3 years in four pop-
ulations. Changes in allele frequency at
the Trf and Lap loci were correlated with
density. An analysis of different compo-
nents of fitness among Lap and Trf geno-
types, Including survival rates, breeding
activity, and growth rates, indicated that
changes in allelic frequency at these loci
were due to selection. In a follow-up study
(Gaines and Whittam 1980), we applied
the Lewontin-Krakauer test for selective
neutrality to temporal variation in gene
frequency at the five loci in the same four
populations. Contrary to our early results,
we found that changes in gene frequencies

298 The Journal oJ Heredity 1997.88(4)

 at U
SG

S L
ibraries on June 5, 2014

http://jhered.oxfordjournals.org/
D

ow
nloaded from

 

http://jhered.oxfordjournals.org/


Table 4. Measures of genetic diversity In Kansas
voles

Between
Within population
population variation

Source

Allozymes
mtDNA

variation

H,

0.316
0.668

Genetic
distance

0.0025
0.0035

Gsr

0033
0.199

were primarily due to nonselectlve forces.
We attributed this apparent inconsistency
to differences in the temporal scale used
in the two analyses. Our earlier compo-
nents of fitness analysis were done sepa-
rately on different phases of a density cy-
cle (Increase, peak, decline). The Lewon-
tin-Krakauer test was done over the entire
cycle. Since vole populations experience
repeated bottlenecks of varying sizes dur-
ing the low phase, genetic drift may coun-
teract the effects of selection during pop-
ulation increases and peak phases of the
density cycle.

Here we reanalyze the same data in a
spatial context to determine if there is ge-
netic structuring in prairie vole popula-
tions. The four live-trapped grids (A, B, C,
and D) were located on University of Kan-
sas land, 11 km northeast of Lawrence,
Kansas. Grids A, B, and D were all within
1.2 km of each other; grid C was 3.5 km
from the main study area. The grassland
habitat of voles in eastern Kansas is frag-
mented by wooded areas, roads, and
farms. We calculated F^ values for the five
loci among the four populations during
high and low densities. The density
phases for the four prairie vole popula-
tions were synchronous, which is typical
for mlcrotine rodents (Chitty 1996). We
predicted that F^ values would be higher
at low densities compared to high densi-
ties due to increased genetic variance
among populations resulting from genetic
drift. There was no significant difference in
the mean F^ value for the five loci at high
densities (F^ = 0.030) and at low densities
(Fyr = 0.033). This similarity between low-
and high-density populations may be a
due to the short duration of the bottle-
neck (Gaines et al. 1978).

We calculated genetic distances be-
tween the four grids by pooling allelic fre-
quencies over the density cycle. Genetic
distances were low, ranging from 0.0010 to
0.0053, with an average of 0.0025 (Table
4). There was no significant correlation
between genetic distance and geographic
distance.

mtDNA We used RFLPs to examine fine-

scale mtDNA heterogeneity among prairie
voles at six localities on the Nelson Envi-
ronmental Study Area of the University of
Kansas. The maximum distance between
any two localities was approximately 1650
m, whereas the minimum distance was ap-
proximately 360 m. We attempted to col-
lect at least 10 voles per locality. Fifty-nine
animals were trapped and brought back to
the laboratory for mtDNA analysis. Live-
trapping data from nearby localities indi-
cated that populations were declining dur-
ing the mtDNA study.

We found a total of 12 mtDNA haplo-
types using two restriction enzymes,
Haem and 5au96I. Eight other restriction
enzymes did not result in polymorphisms.
Both HaeU\ and 5au96I revealed extensive
mtDNA sequence heterogeneity among
populations and also a very large amount
of sequence polymorphism within popu-
lations. Of the 12 mtDNA haplotypes, AA,
CB, and DB were found in four popula-
tions, AA, BB, BA, FC, and GC were found
in two populations; CA, CD, EB, and FA
were unique to one population.

To compare intrapopulation mtDNA
composite haplotype diversity, we used an
index of nucleon diversity (ft) from Nei
and Tajima (1981). Values close to zero in-
dicate no mtDNA composite haplotype di-
versity within populations, whereas val-
ues close to one indicate maximum diver-
sity. The nucleon diversity for localities A,
B, C, D, E, and F were 0.759, 0.800, 0.765,
0.744, 0.200, and 0.733, respectively. We
have no explanation as to why locality E
had about 75% lower diversity than the
other localities. The mean nucleon diver-
sity over all localities was 0.668 (Table 4).
This is exactly the same value obtained by
Plante et al. (1989) in declining popula-
tions of M. pennsylvanicus in Canada.

We used the overall nucleotide diversity
(IT) to calculate net nucleotide diversity
between pairs of localities (5) following
the methods of Nei and Tajima (1981). 8 is
equivalent to genetic distance. This value
approximates the genetic distance of
0.0025 from electrophoretic data in four
populations (see above). As was the case
for the electrophoretic data, there was no
significant correlation between genetic
and geographic distances in pairwise com-
parisons of localities.

According to Nei (1973), the nucleon di-
versity of a subdivided population can be
partitioned into within- and between-sub-
population (locality) components. The G^
statistic, which is equivalent to F^, repre-
sents the fraction of genetic variation
within an entire population that is due to

Interlocality genetic differences. The ob-
served GJT value among localities in our
study is 0.199 (x2 = 11.75, df = 5,/>< .05),
which indicates about 20% of the ob-
served variation in mtDNA could be attrib-
uted to interlocality variation. The mean
F^ calculated at low population densities
for the five electrophoretic loci was an or-
der of magnitude lower (F^ = 0.0329) than
the Gyr from mtDNA.

Taken together, our two analyses of ge-
netic structuring of fragmented prairie
vole populations based on allozymes and
mtDNA RFLPs suggest that variation with-
in populations is high and variance among
populations is small. Genetic distances be-
tween populations based on electropho-
retic data and RFLPs of mtDNA were low.
The Gyr based on mtDNA RFLP analysis
was an order of magnitude higher than the
mean F^ values calculated from five elec-
trophoretic loci. This result is not surpris-
ing because the Nc for mtDNA is expected
to be about four times smaller than for nu-
clear genes. Another contributing factor Is
the lower dispersal rates of females com-
pared to males.

An Experimental Study of Habitat
Fragmentation

Two studies of small mammals are under
way at the Nelson Environmental Study
Area (Figure 4). Site 1 is an ongoing study
of small mammal community organization
and population dynamics conducted by
Dr. Norm Slade. Site 2 is an experimental
study of habitat fragmentation located ap-
proximately 0.5 km away. The fragmenta-
tion study was begun in 1984 when the
farm field was disked and allowed to enter
secondary succession. Mowing between
the patches maintains a low turf, which is
qualitatively and quantitatively different
from the unmowed patches (Robinson et
al. 1992). The experimental system con-
sists of three patch sizes arrayed in 5000
m2 rectangles called "blocks." Large
blocks consist of one, continuous 50 m x
100 m patch; medium blocks of six, 12 m
x 24 m patches; and small blocks of fif-
teen, 4 m x 8 m patches.

Small mammals have been censused on
the continuous site since 1977 and were
trapped on the fragmented site from 1984
through 1992 using standard mark-recap-
ture techniques [see Foster and Gaines
(1991) and Swihart and Slade (1990) for
details on trap locations and methodolo-
gy]. The two most common small mam-
mals on the two sites are cotton rats and
prairie voles.
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Figure 4. Two study areas located at the Nelson Environmental Study Area, 12 km northeast of Lawrence, Kansas.
Site 1 contains approximately 1.9 ha of old-field habitat. Site 2, an expertmentalty fragmented area, contains 1.9 ha
of old-field habitat In 6.9 ha of mowed grass. The 40 small patches are each 4 m x 8 m; the 12 medium patches
are 12 m x 24 m; the three large patches are 50 m x 100 m. One large patch Is a large block; a group of six medium
patches Is a medium block; a group of 10 or 15 small patches Is a small block. Blocks are separated by 16-20 m
and the centers of the two sites are approximately 500 m apart.

We make use of these data in two ways.
First, we present data on movements of in-
dividuals at two scales. At a larger scale,
we discuss long-distance dispersal events
between the two sites. At smaller spatial
scales we present movement between
blocks within the fragmented site. Second,
we present data regarding local demogra-
phy on just the fragmented site. Our goal
is to use empirical estimates of movement
and abundances to predict the genetic
structure of populations in the fragmented
system and to estimate the spatial scale at
which movement influences local demog-
raphy and perhaps genetic structure.

Large-scale (—0.5 km) dispersal events
between the two sites are rare, with less
than 1% of the marked animals in any giv-
en population moving to the other (Diffen-
dorfer et al. 1996). Similarly, Foster and
Gaines (1991) trapped the woods to the

south of the fragmented site and the
brome field to the north for 1 year using
450 traps. They determined that only 4%
of the marked animals on the fragmented
site immigrated from the two areas, a dis-
tance of 200 m or less. These data suggest
that demographically the two study sites
are essentially autonomous, with local
births and deaths, not immigration or em-
igration, influencing changes in population
size. Given these data, the scale at which
movements can influence local demogra-
phy seems relatively small for our mam-
mals and we therefore studied the Impacts
of movements on local demography at
even smaller spatial scales—that of move-
ment between the blocks on the fragment-
ed site.

Animals switching between blocks can
move distances of 20-140 m. Cotton rats
and prairie voles had very different pat-

terns of movement on the two sites (Fig-
ure 5), with cotton rats moving mainly be-
tween the three large blocks, while prairie
vole movement was much more cosmo-
politan in nature. Despite what appears to
be many movements between patches in
Figure 5, movements between the blocks
were infrequent. Cotton rats and prairie
voles had similar and low rates of move-
ment with 7-9% of the animals on the site
moving between blocks. For both species,
the correlation between the proportion of
the animals on a block that were either
immigrants or emigrants and the abun-
dance on the block was high and negative
(Diffendorfer et al. 1996). Thus, at low
abundances, movements can have sub-
stantial impacts on local demography and
a greater impact on genetic structuring.

Based on our results, we suggest that
the spatial scale at which movements af-
fect local population dynamics is no more
than 150 m for the two species of small
mammals we studied. Given this conclu-
sion, we examined how movements and
local demography interact to produce ge-
netic structuring in an experimentally frag-
mented system.

We calculated a predicted GCT over the
entire fragmented site by combining the
data on movement with estimates of effec-
tive population size over the entire 7.7
years of the study. The analyses were
done for time periods when abundances
were either low or high. We calculated GCT

as On- =l/(4Njna + 1), where JV. is the
effective population size, m is the migra-
tion rate (the number of migrants per gen-
eration where migrants are assumed to
successfully breed in the new population);
and a = (n/(n -1))2, where n is the num-
ber of subpopulatlons (n = 8). Effective
population size was estimated asiV, =
WJIJ(Nm + ty). where Nm and N, are the
numbers of breeding males and females.
Our assumption is that all reproductive
animals contribute equally in terms of re-
producing offspring. Males were consid-
ered reproductive if their testes were de-
scended and females if their nipples or va-
gina were swollen or if they were obvious-
ly pregnant. The value of m was estimated
as the total number of reproductively ac-
tive animals to have switched, divided by
the total number of reproductively active
animals captured at least two times (ani-
mals must be captured twice to switch)
during time periods determined by low
and high abundances. Because m is mea-
sured as a per generation rate of migra-
tion, we then divided the proportion of an-
imals that switched by the number of gen-
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Figure 5. Individual movement patterns over 7 years on the experimentally fragmented study area for (a) cotton
rats (Sigmodon hispidus) and (b) prairie voles (Micwtia ochrogastef).

Table 5. Predicted G^ valae* for prairie voles and cotton rats on the experimentally fragmented study
area

Species

Microtus ochrogaster
Sigmodon hispidus

Low

N.

62
78

density
m

0.016
0.015

Gsr

0.15
0.13

High density

N.

1,239
203

m

0.003
0.016

0.04
0.05

erations at which population abundances
were either high or low. The generation
time for cotton rats and voles is approxi-
mately 2 months.

Our GCT estimates based on demograph-
ic data predict that at high abundances
there will be little genetic structuring with-
in the fragmented site for both species
(Table 5). Surprisingly the results were
similar for both species despite very dif-
ferent patterns of movement and average
abundances across the blocks. In our sys-
tem, cotton rats are found almost exclu-
sively on the large blocks, whereas voles
are distributed on all three block sizes
(Diffendorfer et al. 1995b; Foster and
Gaines 1991; Gaines et al. 1992). Despite
these differences, the predicted genetic
structure was almost identical. This result
highlights the unique intricacies in the in-
teractions between demographic process-
es and genetic structure. In our case, two
different demographic responses to frag-
mentation lead to the same genetic struc-
ture.

Our GST estimates were similar to those
found by Plante et al. (1989) in meadow
vole populations inhabiting a system of
four grids (0.25 ha each) spaced 50-70 m
apart. They estimated G^ at 0.060 and
0.093 from mtDNA at high and low abun-
dances, respectively. Given the greater
distances between patches in the Plante et
al. (1989) study and their use of mtDNA,
the slightly larger G^ estimates they found
at high abundances should be expected.
At low abundances, their G^ was lower
than our estimates. However, due to a pos-
sible Wahlund effect, their estimate of G^
during the low abundances may be con-
servative. Thus, our values of GCT predict-
ed from demographic data alone seem to
match real data from a similar system of
small mammals. We intend to sample our
experimental study area to estimate ge-
netic structure and relate these values
back to those predicted from demograph-
ic data.

The GJT values we calculated from trap-
ping data should be viewed with caution.
There are two potential biases. An animal
may move from block to block within the
study area but may not be trapped. Thus
the values of m we calculated may be an
underestimate of the true migration rate.
If so, then G^ estimates should be smaller.
Conversely, our estimate of Nt assumes
that reproductive males and females con-
tribute equally in terms of reproduction.
Any variation in male or female reproduc-
tive success will lower Nc, thus increasing
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Conclusions

Our analysis of genetic structuring of
small mammal populations over different
spatial scales and with different levels of
genetic variation lead to five general con-
clusions about the effects of habitat frag-
mentation on evolutionary and ecological
processes.

Only in extreme cases of fragmentation,
when there is little or no gene flow, will pop-
ulations become depauperate of genetic
variation and differentiate genetically. We
have two examples to support this point:
rice rats in South Florida and voles in east-
ern Massachusetts.

In rice rats, an analysis of the base se-
quence of the D-loop in mtDNA indicated
that populations in the Everglades had a
relatively high nucleotide diversity. The
Florida Keys population, which is believed
to have been isolated from the Everglades
population for 3000 years (Humphrey and
Setzer 1989), had no variation, a finding
consistent with the impact of a recent ge-
netic bottleneck. A comparison of nucleo-
tide diversity between the Everglades and
Keys populations revealed the popula-
tions were not genetically distinct, al-
though the Keys population had some
unique nucleotide substitutions. The
mtDNA haplotypes fit a starlike phylogeny,
suggesting that the differentiation of the
Everglades and Keys populations as mea-
sured by mtDNA divergence occurred re-
cently. The reduced mtDNA variation in
the Keys and the absence of genetic dif-
ferences between the Everglades popula-
tions makes It plausible that the popula-
tion in the Keys is in the process of un-
dergoing speclation. Our conclusions
should be viewed as preliminary given our
small sample sizes. We are in the process
of sampling more localities in the Keys.

In the Muskeget Island population of
voles, we found that heterozygosity at the
Trf locus was approximately four times
less than in the mainland population
(0.103 versus 0.482), indicating a lack of
genetic variation on the island. The F^
measuring variation between Muskeget Is-
land and the mainland was 0.221, indicat-
ing a moderate level of genetic differenti-
ation between the two populations. These
populations have been isolated for ap-
proximately 3000 years (Kohn and Tama-
rin 1978). Note that the F^ value between
populations on the mainland, a somewhat
fragmented area that may have low levels
of gene flow between populations, is an or-
der of magnitude lower than the F^ value
between the mainland and the island.

Hence low levels of gene flow are sufficient
to ameliorate genetic differentiation. The
low Fsr between populations on the island
(0.004) may be due to a combination of a
lack of variation and continuous habitat.

Different components of genetic variation
lead to different results in the analyses of
genetic structure of populations. We have
two examples: A comparison of morpho-
logical and allozymic variation in marginal
and central populations of cotton rats and
a comparison of allozymic variation and
mtDNA RFLPs in Kansas vole populations.

In cotton rats, we found that allozymic
variation is lower in marginal populations
than In central populations, but morpho-
logical variation was higher in marginal
than in central populations. Morphologi-
cal traits are polygenlc and can be influ-
enced greatly by the environment. The
higher variance in morphological traits in
marginal populations may be attributed to
greater environmental fluctuations at the
edge of the range of cotton rats compared
with more environmentally stable condi-
tions in the center of this species distri-
bution in Mexico.

Voles in Kansas showed very different
patterns of genetic structuring depending
on the level of variation studied. Genetic
differentiation between populations based
on GST was six times higher with mtDNA
RFLPs than with allozymic variation. The
higher level of genetic structuring with
mtDNA is due to two factors. First, the ef-
fective population size for mtDNA is one-
quarter that of allozymic variation. Sec-
ond, male voles have higher dispersal
rates than females (Johnson and Gaines
1987). Thus gene flow for allozymic varia-
tion is higher than that for mtDNA. Other
authors have found that levels of genetic
structuring are greater for mtDNA than for
nuclear genes (Avise et al. 1979; Crease et
al. 1990; DeSalle et al. 1987; Hale and Singh
1987; Karl and Avise 1992).

Spatial and temporal scales need to be
considered when examining the genetic
structure of populations. Obviously one ex-
pects differentiation between populations
to increase as geographic distance in-
creases. All else being equal, large-scale
comparisons between populations should
result in higher levels of genetic differen-
tiation than smaller-scale comparisons.
However, patterns of genetic structure will
depend on the interaction between the
geographic distance between populations
and the vagility of the species in question.
This interaction between dispersal and
the spatial structure of the landscape is
vital to understanding the impacts of frag-

mentation on genetic structure. Our ex-
perimental study of fragmentation on prai-
rie voles and cotton rats indicates that al-
though fragmentation alters movement
patterns and demography, it has little im-
pact on genetic structure (i.e., low G^ es-
timates). If fragmentation occurred at a
larger scale for these species, we would
expect genetic structuring.

Genetic structuring must be viewed in a
temporal context (LJdicker and Patton
1987). Over short time scales, temporal
changes In abundances can alter genetic
structure. Voles undergo periodic bottle-
necks when populations crash, which
should lead to a reduction of genetic vari-
ation within populations and an increase
In the differentiation between populations.
In our analysis of F^ values from allozyme
data for meadow and prairie voles, we did
not find greater genetic differentiation at
low abundances. In some cases FCT values
were higher at peak abundances than at
low abundances, while in other cases
there was no density effect. However, as
predicted, GST values estimated from de-
mographic data on the experimentally
fragmented study were higher at low
abundances.

We are uncertain about the causes of
these discrepancies. In the four popula-
tions of prairie voles In eastern Kansas,
low abundances were still between 10 and
20 animals—enough animals to capture
most of the genetic variation In the pop-
ulations. Thus, at low abundances, popu-
lations really did not experience severe
bottlenecks and F^ values did not change.
On the fragmented site, effective popula-
tion sizes between high and low abun-
dances were extremely different and had
large influences on our G^ estimates.

These results indicate the potential for
genetic structure to change through time
and underscore the need to study the ge-
netic structure of populations longitudi-
nally. Furthermore, these results indicate
that studies of genetic structure done as
snapshots in time may lead to erroneous
results. If population geneticists were to
characterize the genetic structure of vole
populations with samples taken at low
abundances, the results could be different
than at high abundances.

At larger temporal scales evolutionary
history becomes tantamount in under-
standing genetic structuring. After 3000
years in the Florida Keys, rice rats may be
in the early stages of genetic differentia-
tion. Although the Keys population has
been given endangered species status, dif-
ferences in morphology from the Ever-
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glades population are subtle (Humphrey
and Setzer 1989). A comparison of vole
populations In eastern Massachusetts af-
ter 3000 years of isolation indicates genet-
ic and morphological differences between
the Muskeget Island population and those
on the mainland. These results indicate
isolated populations can diverge at differ-
ent rates depending on their history.

Demographic and ecological processes
are more likely to be influenced by fragmen-
tation than genetic events. In both of our
studies with extreme isolation (Muskeget
Island and the Florida Keys) we saw ob-
vious effects on genetic structure. How-
ever, in both cases the populations have
survived for over 3000 years. This result
indicates that genetic factors alone at the
scales we measured are not sufficient to
cause extinction. Although the rice rat in
the Florida Keys is listed as an endangered
species, the likely factor causing low num-
bers Is a demographic response to the
loss of habitat, which in turn could influ-
ence the genetic structuring we have mea-
sured. The point here is that short-term
demographic responses most likely have
caused the rice rat decline, not genetic
feedback on population numbers (i.e., in-
breeding depression or genetic drift).

Many demographic and ecological pro-
cesses in our experimentally fragmented
system in Kansas were impacted by habi-
tat fragmentation, yet there was little im-
pact on genetic structure (i.e., low pre-
dicted GJT values). These results, taken to-
gether with the results from the Florida
Keys, suggest that habitat fragmentation
affects demographic and ecological pro-
cesses which may or may not feed back
on genetic structure. The interesting ques-
tion is determining at what temporal and
spatial scales ecological and demographic
processes feed back on genetic structure
and how this interplay is modulated by
habitat fragmentation. Clearly, under con-
ditions where fragmentation results in iso-
lated, small populations, the effects of ge-
netic drift through these bottlenecks can
be strong, affecting both variation within
local populations and differentiation
among populations.

There is an interaction between demo-
graphic processes and genetic structure.
Population abundances can be reduced by
both abiotic and biotic factors, which In
turn leads to genetic drift and inbreeding.
These genetic processes may In turn feed
back on demography to further reduce
population numbers. The genetic effects
may be most pronounced when a popula-
tion bottleneck is maintained over many

generations, thus reducing genetic varia-
tion for both mitochondrial and nuclear
genes (Figure 2). In the experimental
study of habitat fragmentation, the nature
of the interaction between demographic
and population genetic processes on small
mammals is unpredictable. Prairie voles
and cotton rats had different demographic
responses to habitat fragmentation, yet
showed similar patterns of genetic struc-
turing based on estimated G^ values. We
feel that in most cases, patterns of genetic
structure will be the consequences of
changes in ecological processes. There-
fore we support Lande's (1988) contention
that understanding the effects of habitat
fragmentation on the dynamics of the in-
teraction between ecological and genetic
processes may give the best insights into
the causes of population extinction. Pop-
ulation geneticists and ecologists must do
critical experiments to illuminate the na-
ture of these interactions.
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